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Abstract 
Surface air temperatures are predicted to increase in the near future, which will likely 
affect microbial activity and carbon flow in stream ecosystems. I performed an 
experiment in streamside channels at Coweeta Hydrological Laboratory, NC to assess 
responses of litter-associated microorganisms to moderate increases in water temperature 
(5 levels, ambient to +4°C). The objectives of the experiment were to determine: (1) if 
there are differences in the magnitude of responses to temperature among various 
microbial parameters and (2) whether microbial responses to temperature vary among 
plant litter of different carbon quality. Thus, I measured litter decomposition rate, fungal 
biomass (ergosterol), fungal growth rate, fungal and bacterial production (radiolabeled 
tracers) and microbial respiration associated with submerged decaying Acer rubrum and 
Rhododendron maximum leaf litter, Quercus alba wood and Liquidambar styraciflua leaf 
litter grown at ambient and elevated CO2 levels. Fungal growth rate and microbial 
respiration responded to temperature increases in a similar way and were highly sensitive 
to warming at relatively low water temperatures, while litter decomposition rate tended to 
be less sensitive. Estimates of temperature sensitivity of microbial parameters (apparent 
activation energy) were greater (often ca. 1 eV) than those typically reported for 
respiratory complex (ca. 0.65 eV). Temperature increases affected microbial activity on 
substrates of different carbon quality in a similar way. Under the current climate change 
predictions these trends portend important implications for the future of stream 
ecosystems, since microbial activity tends to be more sensitive to temperature changes 
during the coldest season (autumn-winter) when leaf litter standing stock and associated 
microbial activity are at their peak. 
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1. Top panel: Streamside channel set up with 20 channels (5 temperature treatments × 4 
replicates). Bottom panel: A block of 10 streamside channels (two replicates of each 
temperature treatment: 0 (ambient control), +1, +2, +3 and +4°C) showing one-degree 
differences in temperature (thermal imagining); photo credit: J. Benstead, University of 
Alabama. 
2. Mean temperatures recorded throughout 99 days of the experiment (day 0 = March 1st, 
2019) in five temperature treatments (daily averages of 4 replicate streamside channels). 
3. Plant litter dry mass remaining (%) at each temperature treatment for all sampling dates 
of the experiment. Error bars represent standard errors (SE). 
4. Temperature sensitivity of microbial plant litter decomposition rates throughout the 99-
day experiment in streamside channels. Dotted line indicates the slope corresponding to 
the activation energy of respiration (0.65 eV).  Error bars are asymptotic standard errors 
(ASE). 
5. Fungal biomass associated with plant litter in streamside channels at different 
temperatures on each sampling date.  Error bars represent standard errors (SE). 
6. Fungal growth rate (left panels) and fungal production (right panels) associated with plant 
litter in streamside channels at different temperatures on days 21 and 63 of the 
experiment. Error bars represent standard errors (SE). 
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7. Temperature sensitivity of fungal growth rate associated with plant litter in streamside 
channels within ambient and +1 to +4°C temperature range on days 21 and 63. Dotted 
line indicates the slope corresponding to the activation energy of respiration (0.65 eV) 
according to the MTE and is shown for comparison. Error bars represent standard errors 
(SE). 
8. Microbial respiration associated with maple and rhododendron leaf litter and wood 
veneers in streamside channels at different temperatures on each sampling day expressed 
per g of ash free dry mass (left panels) and per g of fungal biomass (right panels). Error 
bars represent standard errors (SE). 
9. Microbial respiration associated with sweetgum ambient and sweetgum enriched leaf 
litter in streamside channels at different temperatures on each sampling day expressed per 
g of ash free dry mass (left panels) and per g of fungal biomass (right panels). Error bars 
represent standard errors (SE). 
10. Temperature sensitivity of microbial respiration (per g of fungal biomass) associated with 
plant litter in streamside channels at ambient and +1 to +4°C temperate treatments on 
days 21, 42, 63 and 99 of the experiment.  Dotted line indicates the slope corresponding 
to the activation energy of respiration (0.65 eV) according to the MTE and is shown for 
comparison.  Error bars represent standard errors (SE). 
11. Bacterial production associated with plant litter from streamside channels at different 
temperatures on days 21 and 63 of the experiment. Error bars represent standard errors 
(SE). 
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Introduction 
Flowing through shady riparian vegetation of the worlds’ temperate region lies a vast 
network of small forest streams harboring diverse organisms feeding on a variety of food 
sources (Gessner & Chauvet, 1997; Ferreira et al., 2013). One of the primary food 
sources, accounting for up to 99% of available carbon, is the annual input of coarse 
particulate organic matter (CPOM) such as leaf litter shed during the autumn season and 
wood (Tuchman et al., 2002). The remaining, albeit small, carbon sources in forest 
streams include in-stream primary production and dissolved organic carbon that enters 
with runoff or from groundwater (Webster & Meyer, 1997). Since primary production is 
limited in these forest-shaded streams, plant litter and associated microbial decomposers 
provide stream ecosystems with carbon and nutrients to be used by secondary producers 
(Martinez et al., 2014). 
Inhabiting these streams are communities of microbes each with a critical role to 
play; they aid in decomposition of organic material, transformation of nutrients, and serve 
as a food source for secondary consumers (Bärlocher, 2007; Findlay, 2010). While 
bacteria, protozoa and meiofauna are present, aquatic hyphomycetes, an ecological group 
of fungi (Ingold, 1942), are the major decomposers of submerged leaf litter in streams. 
Accounting for 95-99% (Gessner et al., 2007; Krauss et al., 2011) of the microbial 
biomass of decomposing leaf litter and up to 23% of total detrital mass (Suberkropp, 
1997; Gessner et al., 2007), aquatic hyphomycetes dominate microbial processes, 
outweighing bacteria and other microorganisms (Suberkropp et al., 2010). They are 
involved in the decomposition of plant litter through enzymatic activities that convert 
CPOM into CO2 and fine particulate organic matter, they mediate energy transfer through 
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detritus-based food webs (Tant et al., 2013), as well as enhance leaf litter palatability to 
shredders (Carter & Suberkropp, 2004; Pascoal & Cássio, 2004). It is now well 
established that invertebrates prefer to consume leaves that have been colonized and 
processed by aquatic hyphomycetes (Bärlocher, 2007). Initial plant litter quality tends to 
determine decomposition rates and associated microbial activity. Microbial decomposers 
such as aquatic hyphomycetes tend to prefer or perform better on high quality leaf litter 
that has low lignin content and C:N ratios while containing high nutrient concentration, 
compared to low quality litter with little nutritional value and high lignin and C:N ratios 
(Prieto et al., 2019). More recalcitrant substrates that contain high lignin, high fiber, have 
thick cuticles, or contain tannins are more difficult to decompose (Sridhar & Seetharam, 
2001). Higher CO2 concentrations in the atmosphere that coincide with increased 
temperatures can affect the quality of the litter by altering the plant tissue’s carbon 
quality (increased lignin) as well as decreasing concentration of some nutrients, such as 
nitrogen, which results in the leaves becoming more recalcitrant and thereby more 
resistant to microbial decomposition (Cha et al., 2017). 
In addition to their importance in carbon and nutrient transfer in streams, aquatic 
hyphomycetes can also be utilized to assess the functional integrity or ecosystem health 
of rivers and streams by following fungal assemblage structure, activity, and microbial 
plant litter decomposition rates (Bärlocher, 2005; Woodward et al., 2012). Fungal 
contribution can be quantified through a variety of means, e.g. community structure and 
sporulation rates can be assessed by counting and identifying characteristically shaped 
spores from stream water or plant litter or by using DNA-based approaches, fungal 
biomass, growth rate, and production can be assessed via ergosterol and its biosynthesis 
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rate, and associated plant litter decomposition rates using the litter bag approach 
(Bärlocher, 2005; Gulis & Bärlocher, 2017). 
Overall, plant litter decomposition in streams can be divided into several 
overlapping phases: leaching (which occurs just after leaf submersion into water), 
conditioning (due to microbial, mostly fungal, activity), and fragmentation, both 
biological (microorganisms and invertebrates) and physical (Canhoto et al., 2016). 
Biological activity, including rates of microbial metabolic activity, is known to be 
temperature dependent as predicted by the Metabolic Theory of Ecology (MTE, Brown et 
al., 2004). According to MTE, metabolic activity (e.g. respiration, growth rate, etc.) 
scales exponentially with temperature: 
R ~ e-E/kT, 
where R is respiration, k is Boltzman constant, T is absolute temperature and E is the 
apparent activation energy of the process. The activation energy of respiration has been 
estimated in several studies to be around 0.65 eV (Gillooly et al., 2001; Yvon-Durocher 
et al., 2012). However, temperature sensitivity of other metabolic processes such as 
fungal growth rate or plant litter decomposition rates may vary (Allen et. al., 2005; Dang 
et al., 2009; Follstad Shah et al., 2017; Manning et al., 2018; Tiegs et al., 2019). 
A recent report from the Intergovernmental Panel on Climate Change predicts that 
an increase in mean surface air temperature of up to 4°C can be expected within the 
century (IPCC, 2014). Apart from CO2 emissions due to burning of fossil fuels, other 
types of anthropogenic activity, such as damming, urbanization, forestry practices, 
powerplant/wastewater discharge, and water abstraction/diversion may exacerbate the 
effects of warming on freshwater ecosystems (Canhoto et al., 2016). Increases in 
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temperatures are predicted to be the greatest at higher latitudes and elevations (Canhoto 
et al., 2016). Forested low-order streams may be particularly sensitive to temperature 
increases due to stimulation of microbial decomposition rates of plant litter and its faster 
disappearance brought about by elevated metabolic activity of microbial decomposers 
(Fenoy et al., 2016). In addition to increased enzymatic activity and growth, increased 
temperature stimulates higher oxygen consumption by litter-associated microorganisms 
potentially leading to a positive feedback with greater CO2 output to the atmosphere 
(Acuna et al., 2008). Furthermore, as mentioned earlier, with the increase of global 
temperature comes an elevated concentration of CO2 that alters leaf litter chemistry 
(Tuchman et al., 2002; Ferreira & Chauvet, 2011), which may complicate responses of 
microbial decomposers to climate change. 
Aquatic hyphomycetes are relatively cold-adapted microorganisms that are most 
active during the autumn, winter, and spring in temperate streams that coincides with the 
greatest resource availability following the litter fall. These fungi can be quite sensitive to 
even small temperature increases, especially at low temperatures (Dang et al. 2009). We 
designed an experiment to assess the effects of increased water temperature (ambient vs. 
+1, +2, +3 and +4 °C treatments) on plant litter decomposition and associated microbial 
activity. The experiment was carried out at the Coweeta Hydrologic Laboratory site in 
North Carolina using constructed streamside channels set up to mimic the natural 
conditions in the adjacent Shope Fork stream. Maple, rhododendron and sweetgum leaves 
(grown at ambient and elevated CO2 levels) as well as wood veneers were deployed into 
the streamside channels, colonized by natural stream fungal assemblages and periodically 
sampled for 99 days. The objectives of the experiment were to determine: (1) if there are 
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differences in the magnitude of responses to temperature among various microbial 
parameters (litter decomposition rate, fungal growth rate and production, bacterial 
production and microbial respiration) and (2) whether microbial responses to temperature 
vary among plant litter of different carbon quality (e.g. wood vs. leaves, including leaf 
litter from plants grown at elevated CO2 levels). 
 
Materials and Methods  
Streamside channels 
The experiment took place at the Coweeta Hydrological Laboratory site in Macon 
County, North Carolina. Twenty streamside channels available from an earlier unrelated 
project were used for this experiment. Channels constructed out of 4m × 0.15m rain 
gutters were retrofitted with ca. 10-cm wide plastic inserts, while header tanks were 
equipped with heaters and temperature controllers by colleagues from the University of 
Alabama. Stream water from Shope Fork was pumped to a primary tank and then 
distributed to secondary header tanks that heated water from ambient temperature to 
+1°C, +2°C, +3°C, or +4°C. Each of five temperature treatments (including ambient) was 
replicated four times to a total of 20 channels (Figure 1). To mimic stream flow of small 
Coweeta streams, the water flow through channels was set at 0.1L/s. Water temperature 
in each channel was monitored throughout the experiment with HOBO temperature 
loggers (Onset Computer Corp., Bourne, MA). 
Litter Bags and Sampling  
This decomposition experiment used fine mesh litter bags made from window screening 
(1 mm mesh size, 21cm × 9cm bags). The autumn-shed leaves of red maple (Acer 
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rubrum) and rhododendron (Rhododendron maximum) were collected from the Coweeta 
watershed, while sweetgum leaves (Liquidambar styraciflua) grown under ambient and 
elevated CO2 concentrations were from the Duke Forest (courtesy of Melissa Chernick, 
FACE project, Duke University). Leaf litter was dried at room temperature, pre-weighed, 
and enclosed in litter bags. Maple leaf bags contained 5-6 leaves (~1.5 g), rhododendron 
bags contained 3 leaves (~2 g), while sweetgum bags had ~1 g of material. In addition, 
wood veneers (Quercus alba) bags contained about 60 cm2 of pre-weighed material. A 
total of 320 litter bags (plus 20 for day 0 handling correction) were placed in their 
respective temperature treatment channels and their decomposition rate and associated 
microbial parameters were monitored for approximately three months. The experiment 
began on March 1st, 2019 and ended on June 8th, 2019 with a total of 4 sampling dates 
(day 21, 42, 63, and 99). During sampling dates litter bags were retrieved and 5-10 leaf 
discs (12-mm diameter) or 1-cm2 wood squares were cut out for each type of analysis 
(fungal biomass, fungal growth rate and production, bacterial production, respiration; an 
additional set was used to estimate ash-free dry mass (AFDM)). 
Decomposition rates and mass loss 
Bulk plant litter samples after cutting out disks or squares for microbial analyses were 
dried out in an oven at 60°C for a minimum of 48 hours and weighed. Ash content was 
determined by ashing samples at 500°C for 4 hours and reweighing. A corresponding set 
of leaf disks or wood squares was also weighed, ashed and reweighed. The combined 
mass of removed disks or wood squares was calculated and added back to estimate total 
AFDM of plant material and percentage of initial mass remaining in each litter bag. 
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Fungal biomass, growth rate, and production  
Ergosterol extraction was performed to determine fungal biomass, while fungal growth 
rate and production were estimated from [14C]-acetate incorporation into ergosterol. From 
each sample 5 leaf disks or wood squares were placed into 20-mL scintillation vials 
containing 3.95 mL of filtered stream water. After adding 0.05mL of sodium [1-14C]-
acetate, the vials were incubated for 4 hours at respective streamside channel 
temperatures with shaking. Additional sets of plant material were killed with formalin 
prior to adding the radiolabel to serve as killed controls. To stop acetate incorporation the 
plant material was preserved in 9 mL of methanol and stored at -20°C until ergosterol 
extraction. Fungal production was calculated from fungal biomass (see below) and fungal 
growth rate estimates (Gulis & Bärlocher, 2017). 
To determine fungal biomass from ergosterol concentration, samples of plant 
material preserved in methanol underwent lipid extraction using the liquid to liquid 
approach (Gulis & Bärlocher, 2017). Lipids were extracted with alcoholic KOH and 
partitioned into pentane. The pentane layer was decanted and evaporated to dryness under 
a stream of nitrogen. Afterward 1 mL of methanol was added to the tube to dissolve the 
lipids, and the extract was filtered through a syringe filter into a vial for high-
performance liquid chromatography (HPLC). A Shimadzu Prominence (Columbia, MD) 
HPLC system equipped with a reverse phase C18 column was run isocratically at 0.85 
mL min-1 of methanol at 35°C; ergosterol in 250µL injections of lipid extracts was 
detected at 282 nm and eluted at ~7.6 min. Based on the area of the ergosterol peak and 
data from external ergosterol standards, the ergosterol concentration of each sample was 
calculated. A conversion factor of 5.5 mg ergosterol per g of fungal dry mass was used 
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(Gulis & Bärlocher, 2017). To determine fungal growth rate and production, radioactive 
ergosterol fraction was collected with Shimadzu FRC-10A fraction collector (Columbia, 
MD) into a 20-mL scintillation vial and mixed with 10 mL of scintillation fluid 
(Ecolume, MP Biomedicals, Solon, OH).  Ecolume scintillation fluid was added and the 
vial was left to incubate in a dark space for at least 24 hours. Ergosterol fraction 
radioactivity was measured with a scintillation counter (Triathler, LabLogic, Brandon, 
FL) and corrected for quenching. If the radioactivity measurement was too low, then a 
second ergosterol fraction from an additional 250-µL injection was collected and 
combined with the previous fraction with scintillation fluid and measured again. An 
exponential growth model as described by Gessner and Chauvet (1997) was used to 
calculate fungal growth rate and fungal production as well as a conversion factor of 19.3 
mg fungal biomass nmol-1 acetate incorporated (Suberkropp & Weyers, 1996). 
Microbial respiration  
Respiration measurements were performed on sets of 10 leaf disks or 6 wood squares 
from each litter bag. Respiration was measured in the lab using 5 Star Plus Orion 
multimeter (ThermoFisher, Beverly, MA) equipped with a BOD probe to determine the 
dissolved oxygen concentration (Gulis & Suberkropp, 2003). Once the initial oxygen 
concentration (mg O2 L-1) was measured in 30-mL glass screw-cap vials filled with 
stream water, plant material was added, and vials sealed with no headspace or visible 
bubbles. The vials were incubated for 4-8 hours at appropriate streamside channel 
temperatures (5 levels) on the day of collection. Final oxygen content was recorded to 
calculate microbial oxygen uptake (mg O2 g-1 litter AFDM h-1) based on the difference in 
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O2 concentration, vial volume, mass of plant material and incubation time; the values 
were also blank corrected to account for possible probe drift. 
Bacterial production  
To estimate bacterial production rates, [3H]-leucine incorporation into bacterial protein 
was followed (Buesing & Gessner, 2006, Gillies et al., 2006, Suberkropp et al., 2010). 
From each sample, sets of leaf disks or wood squares were placed in 15-mL centrifuge 
tubes with 4 mL of filtered stream water and 0.2 MBq of [4,5 3H]-leucine (1 µM final 
concentration) for 1 hour. Afterward, incorporation was halted by the addition of 
trichloroacetic acid (TCA, 5% final concentration) and bovine serum albumin (BSA) in 
order to assist in the precipitation of protein alongside TCA. Samples in a corresponding 
set that received TCA before adding leucine acted as killed controls. All samples plus 
controls were then heated in a water bath at 95° for 1 hour and then stored in the dark at 
4°C until protein extraction.  Later, to ensure all unincorporated leucine was removed, 
samples were filtered through membrane filters (0.22-mm pore size) and leaf disks with 
precipitated protein were washed thrice with cold TCA, twice with 80% cold ethanol, and 
once with cold DI water. After washing, filters with plant material were placed in 15-mL 
tubes, 10 mL of protein solubilization solution (0.5 N NaOH, 1% SDS, 0.25 mM EDTA) 
was added and the tubes were incubated at 80°C for 1 hour, vortexed, and then 
additionally incubated for another 24 hours at room temperature. Once the proteins had 
solubilized, a 200-μL aliquot was removed into a 7-mL scintillation vial and 100 μL of 
30% H202 was added. The sample was then incubated in a dry heating block for 1 hour at 
50°C to decolorize. Following decolorizing, 5 mL of scintillation fluid (Ecolume, MP 
Biomedicals) was added and samples were stored in the dark overnight until they were 
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assayed for radioactivity in a scintillation counter (Triathler, LabLogic, Brandon, FL). 
Initial radioactivity measurements were recorded and then samples were spiked with a 
known amount of radioactive leucine and measured again. The spiked counts were used 
to correct for any quenching and killed controls were used to correct for any abiotic 
incorporation of leucine. 
Statistical analyses  
Decomposition rates (k) were calculated using a negative exponential model (Webster & 
Benfield, 1986). For the statistical analyses, AFDM remaining and microbial data were 
checked for normality and, if necessary, were log-transformed. To assess the effects of 
temperature and substrate on plant litter decomposition, general linear model (GLM) was 
used with natural log (ln) of litter AFDM at the end of experiment as dependent variable 
and substrate type and degree-days accumulated by the end of experiment as independent 
variables. Since maple, rhododendron and veneers were incubated for 99 days, while 
sweetgum ambient and CO2-enriched leaves were finished on day 63, we ran two 
separate analyses. To analyze the effects of temperature and substrate on microbial 
parameters, we used a model with temperature, substrate and sampling day (all as 
categorical variables) and a temperature*substrate interaction term. IBM SPSS Statistics 
26.0 was used for GLM. To estimate temperature sensitivity (apparent activation energy) 
of litter decomposition rates, fungal growth rate, and respiration per unit of microbial 
biomass, a linear regression was used plotting log-transformed microbial activity against 
a reversed temperature parameter (1/kT) following conventions of standard MTE plots. 
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Results 
Changes in water temperature throughout the experiment in five temperature treatments 
are shown in Figure 2. About one degree difference among treatments was maintained 
throughout the experiment as intended, with grand averages for ambient, +1, +2, +3 and 
+4°C treatments being 12.66, 13.76, 14.49, 15.56 and 16.41°C, respectively. 
Leaf mass loss and decomposition rates 
Since the experiment was run for 99 days for maple and rhododendron leaf litter and 
wood veneers and only 63 days for sweetgum ambient and enriched leaf litter, they were 
analyzed separately. In the GLM model for maple, rhododendron and veneers, warmer 
temperatures tended to hasten mass loss of plant litter (F1,59 = 2.55, p = 0.116, Table 1), 
e.g. by the end of experiment, AFDM remaining for maple was 50.6% in ambient vs. 
38.6% in +4°C treatment (Figure 1). The effect of substrate was significant (F2,59 = 
140.99, p < 0.001) driven by very slow decomposition of wood. GLM model for 
sweetgum ambient and enriched leaf litter showed significant effect temperature on mass 
loss (F1,40 = 5.56, p = 0.024) but no difference among leaf types (F1,40 = 0.64, p = 0.428). 
Temperature sensitivity of leaf litter decomposition rates (k) were estimated by 
calculating apparent activation energy (Ea) for the four-degree interval, which is the 
linear regression slope of the ln-transformed decomposition rate vs. 1/kT. Due to very 
narrow temperature interval, the estimate was only marginally significant for maple leaf 
litter (EM=0.57 eV, R2 = 0.75, p = 0.056), while for other leaf types estimates ranged 
from 0.40 to 0.86 eV with p value from 0.08 to 0.21 (Figure 4). 
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Fungal biomass, growth rate, and production  
The effects of both temperature and substrate on fungal biomass accrual were significant 
(GLM, F4,280 = 684.08, p < 0.001 and F4,280 = 5.79, p < 0.001, respectively, Figure 5). 
However, the interaction term was not significant (p = 0.42), suggesting that temperature 
affected fungal biomass on different substrates in a similar way. Both fungal growth rate 
(GLM, F2,91 = 30.54, p < 0.001, Figure 6) and fungal production (F2,91 = 107.15, p < 
0.001, Figure 6) differed among the substrates. However, no significant effect of 
temperature was detected by GLM approach (p = 0.29 and p =0.48 for growth rate and 
production, respectively). Fungal growth rate differed between day 21 and day 63 (p 
<0.001), peaking earlier for leaf litter than for wood veneers (Figure 6, left panels). 
Interestingly, with just a few exceptions for mostly maple leaf litter, both fungal growth 
rate and production tended to be higher at 15°C (note differences in temperatures ranging 
from 11 to 15°C and 14 to 18°C on day 21 and 63, respectively, Figure 6). Meaningful 
significant MTE-style estimates of apparent activation energy (Ea) were obtained for 
rhododendron on day 21 for 11-15°C temperature range (ER21 = 1.19 eV, R2 = 0.34, p = 
0.007) and on day 63 for 14-17°C range (i.e. excluding 18°C treatment) (ER63 = 0.91 eV, 
R2 = 0.27, p = 0.040, Figure 7). The negative estimate of Ea for fungal growth rate on 
maple on day 21 (EM21 = -0.73 eV, R2 = 0.35, p = 0.006), i.e. greater activity at lower 
temperatures, suggest that the peak of fungal activity on maple occurred earlier than day 
21. 
Microbial respiration  
Microbial respiration per gram of AFDM differed among substrates (GLM, F4,288 = 
489.5, p < 0.001) and temperature treatments (F4,288 = 13.38 p < 0.001, Figure 8 and 9, 
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left panels). Rhododendron, sweetgum ambient and enriched leaves, and wood veneers 
all demonstrated higher respiration later in the experiment that coincided with greater 
accumulation of fungal biomass (Figure 5) and at higher temperatures compared to maple 
that showed higher respiration early on and at higher water temperatures. Since bacterial 
biomass contributes less than 2% to the total microbial biomass of leaf litter decomposing 
in Coweeta streams (Gulis & Suberkropp, 2003; Gulis & Pates, unpublished), which is 
negligible compared to the contribution of fungal biomass, respiration data were 
standardized per unit of fungal biomass and not total microbial biomass. Respiration per 
unit of fungal biomass differed significantly among substrates (GLM, F4,270 = 43.14, p < 
0.001) and temperature treatments (F4,270 = 5.362, p < 0.001, Figure 8 and 9, right 
panels). However, the interaction term was not significant for both respiration per unit of 
AFDM and per unit of fungal biomass (p = 0.34 and p = 0.96, respectively), suggesting 
that temperature affected respiration rates on different substrates in a similar way. On all 
substrates, excluding maple litter, higher respiration rates per unit of fungal biomass at 
elevated temperatures tended to occur on day 63. The temperature sensitivity of 
respiration per unit of fungal biomass was assessed using estimates of apparent activation 
energy. Statistically significant results were obtained for maple leaf litter on day 42 (EM42 
= 1.03 eV, R2 = 0.77, p < 0.001), for rhododendron, sweetgum ambient and enriched leaf 
litter on day 63 (ER63 = 1.19 eV, R2 = 0.25, p = 0.028, ESA63 = 1.71 eV, R2 = 0.44, p = 
0.002; ESE63 = 0.92 eV, R2 = 0.30, p = 0.013) as well as for rhododendron litter on day 99 
(ER99 = 0.89 eV, R2 = 0.33, p = 0.008, Figure 10). 
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Bacterial production 
Bacterial production associated with plant litter differed among temperature treatments 
(GLM, F4,100 = 7.29, p < 0.001) and substrates (F4,100 = 245.5, p < 0.001, Figure 11), 
however, the interaction term was not significant (p = 0.22), suggesting that temperature 
affected bacterial production on different substrates in a similar way. Stimulating effect 
of higher temperature was most pronounced early in the experiment, on day 21, and 
especially for rhododendron leaf litter (Figure 11). 
 
Discussion 
Despite a very narrow range of experimental temperature increases in this study (ambient 
to +4°C) and inherent high variability of field experiments, the responses of microbial 
parameters and decomposition rates to elevated temperature were detected in most cases. 
Overall, the most pronounced responses of parameters of microbial activity to 
temperature should be evident during early stages of plant litter decomposition when 
fungal mycelium is physiologically young and metabolically active. However, since we 
used substrates with contrasting litter quality (from fast decomposing maple leaf litter to 
slow decomposing wood) the dynamics of fungal biomass accrual differed greatly 
(Figure 5). The most active fungal mycelium (that would respond the most to temperature 
changes) could have occurred earlier than our first sampling (day 21) on maple litter, 
thus, in many cases we did not detect the effect of temperature on microbial parameters 
on maple, while seeing those effects on day 21 or later sampling dates for more 
recalcitrant substrates. Indeed, rhododendron and wood veneers have a high carbon to 
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nitrogen ratio and high lignin content making them particularly slow to decompose 
(Medeiros et al., 2019) and delaying fungal biomass accrual. 
It has already been well established that elevated temperatures result in increased 
decomposition rates by stimulating microbial activity (Dang et al., 2009; Ferreira & 
Chauvet, 2011; Canhoto et al., 2016). In this experiment, the effect of temperature on 
decomposition of sweetgum ambient and enriched leaf litter was statistically significant, 
while only a trend for faster decomposition with higher temperatures was detected by a 
model that included maple and rhododendron leaf litter and wood veneers (GLM, p = 
0.116); this was likely driven by low overall decomposition rates due to low dissolved 
nutrients and almost no mass loss for wood veneers after 99 days of the experiment. The 
only significant effect based on estimating apparent activation energy (E = 0.57 eV) was 
found for maple leaf litter, while for slower decomposing leaf types, estimates that 
ranged from 0.40 to 0.86 eV were not significant (p values from 0.08 to 0.21). While 
elevated temperatures increase decomposition rates they may alter the availability and 
timing of food resources to invertebrate detritivores with consequences propagating 
further through the stream food web. However, even though it was not detected in this 
study, responses of different liter types may vary based on the carbon quality of the 
substrate being decomposed. For example, Follstad Shah et al. (2017), reported higher 
sensitivity of decomposition to temperature (higher Ea values) for lower-quality 
substrates, but admitted that this effect in their meta-analysis was mainly driven by leaf 
litter of alder, a nitrogen-fixing genus displaying very fast decomposition. 
Responses of fungal growth rate and production to temperature were generally in 
line with the results found in some early studies (Suberkropp & Weyers, 1996, Rouske & 
Bååth, 2007). Findings of Dang et al. (2009) from experiments with pure cultures of 
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aquatic hyphomycetes suggested that the highest temperature sensitivity of fungal growth 
rate occurs at low water temperatures. In our experiment, we only obtained statistically 
significant estimates of fungal growth rate apparent activation energy for rhododendron 
leaf litter in the 11-15°C temperature range (ER21 = 1.19 eV) and for the 14-17°C range 
(ER63 = 0.91 eV), with no further increases in fungal growth rate detected beyond 17°C. 
These estimates of Ea for fungal growth rate are considerably greater than typical 
estimates of Ea for respiratory complex (~ 0.65 eV, Brown et al., 2004), suggesting that 
fungal growth rate is most sensitive to temperature increases when the water temperature 
is relatively cold. These findings are also in line with the recent study (Pates & Gulis, 
unpublished) who found similar trends for maple leaf litter in a laboratory microcosm 
experiment.  
Microbial respiration was affected by both temperature and substrate type. As 
expected, meaningful estimates of temperature sensitivity of respiration per unit of fungal 
biomass (via apparent activation energy), were obtained earlier in the experiment for the 
faster decomposing substrate (maple leaf litter) than for the more recalcitrant substrates. 
Interestingly, Ea values were quite high ranging from 0.89 to 1.19 eV for maple, 
rhododendron, and sweetgum enriched leaf litter and even reaching 1.71 eV for 
sweetgum ambient leaf litter. These values are considerably higher than typical estimates 
of Ea for respiratory complex (~ 0.65 eV, Brown et al., 2004), but are quite comparable 
with our estimates of activation energy of fungal growth rate in this experiment (see 
above). Manning et al. (2018) reported considerably lower activation energy of microbial 
respiration from submerged plant litter in the Coweeta watershed (0.30-0.41 eV). These 
low values are explained by using randomly collected plant litter at different stages of 
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microbial colonization and activity, with some samples showing low levels of 
metabolism due to senescent fungal biomass at late stages of litter decomposition. 
Bacterial production on plant litter was generally stimulated by increased 
temperatures. The effect was especially apparent for maple and rhododendron leaf litter 
on day 21 of the experiment with no pattern detected for wood veneers. Temperature 
sensitivity was not measured here since we did not have data on bacterial biomass to 
estimate bacterial growth rate. However, since bacteria account for such a small 
percentage of total microbial biomass on leaf litter at Coweeta (<2%, Gulis & 
Suberkropp, 2003; Gulis & Pates, unpublished) compared to aquatic litter-associated 
fungi, their contribution to C cycling on leaf litter would remain very limited regardless 
of temperature. 
One of the goals of this experiment was to assess if microbial responses to 
temperature vary among plant litter of different carbon quality, thus, we included leaf 
litter from sweetgum grown at ambient and elevated CO2 levels. Unexpectedly, we found 
no difference in decomposition rates between sweetgum ambient and enriched leaf litter. 
Even though both temperature and substrate type had a significant effect on most 
parameters of microbial activity, the interaction term (temperature*substrate) was never 
significant in our GLM runs, suggesting that temperature affected microbial activity on 
different substrates in a similar way. This is in contrast to some studies that suggested 
greater responses to temperature for more recalcitrant substrates (Fierer et al., 2005; 
Billings & Ballantyne, 2013). This unexpected outcome could have resulted from very 
narrow range of experimental temperature increases in this study (ambient to +4°C), 
inherent high variability of field experiments, or nutrient limitation of microbial activity. 
18  
  
Coweeta streams are known to have very low dissolved nutrient concentrations that 
severely limit microbial activity and plant litter decomposition (Gulis & Suberkropp, 
2003; Rosemond et al., 2015) that may affect responses to temperature. Perhaps better 
insight could be provided by further studies that would look at the effects of temperature 
and nutrients simultaneously. 
Along with the rapidly mounting evidence that global warming has and will lead 
to profound changes in our environment, this experiment provides some new insights into 
the effects of elevated temperature on aquatic microorganisms and microbially driven 
decomposition of submerged plant litter. Such detailed studies are important before 
moving on to extrapolate the effects of temperature at ecosystem or even global scales. 
This experiment demonstrated that fungal growth rate and microbial respiration 
associated with submerged plant litter responded to temperature increases in a similar 
way and were highly sensitive to warming at relatively low water temperatures. The 
estimates of temperature sensitivity (activation energy close to 1 eV) were considerably 
greater than those typically reported for respiratory complex (~ 0.65 eV). Even though 
both temperature and substrate type had a significant effect on microbial activity, the 
interaction term (temperature*substrate) was never significant, suggesting that 
temperature affected microbial activity on substrates of different carbon quality in a 
similar way. In this experiment, the leaf litter decomposition rate (maple) was less 
sensitive to temperature than parameters of microbial activity. Clearly, generalizations 
based on the results from short-term experiments in streamside channels to predict the 
effects of temperature on ecosystems for a longer time frame are not possible. A variety 
of factors such as in-stream microbial communities, plant litter carbon quality, dissolved 
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nutrient availability, detritivore feeding and even thermal adaptation by consumers may 
modulate responses to temperature (Follstad Shah et al., 2017). Nevertheless, under the 
current climate change predictions the observed trends in microbial responses to 
temperature portend important implications for the future of stream ecosystems, since 
microbial activity tends to be more sensitive to temperature changes during the coldest 
season (autumn-winter) when leaf litter standing stock and associated microbial activity 
are at their peak. 
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Table 1.  Decomposition rates (k) of different types of plant litter at each temperature 
treatment in streamside channels. Asymptotic standard errors (ASE) and R2 are also 
shown. 
 
Maple leaves 
Temperature (°C)    k (day-1)  ASE    R2  
Ambient   0.0070  0.0005    0.93  
+1   0.0085  0.0007    0.88  
+2   0.0087  0.0009    0.84  
+3   0.0083  0.0005    0.93  
+4   0.0102  0.0014     0.75  
 
Rhododendron leaves 
Temperature (°C)    k (day-1)  ASE    R2  
Ambient   0.0019  0.0002    0.89  
+1   0.0025  0.0003    0.81  
+2   0.0023  0.0003    0.73  
+3   0.0027  0.0004    0.74  
+4   0.0024  0.0002     0.91  
 
Wood veneers 
Temperature (°C)    k (day-1)  ASE    R2  
Ambient   0.0005  0.0003    0.20  
+1   0.0005  0.0002    0.20  
+2   0.0006  0.0002   0.38  
+3   0.0003  0.0004    0.04  
+4   0.0003  0.0004     0.03  
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Sweetgum leaves grown under ambient conditions 
Temperature (°C)    k (day-1)  ASE    R2  
Ambient   0.0033  0.0004    0.88  
+1   0.0039  0.0007    0.74  
+2   0.0043  0.0009    0.68  
+3   0.0059  0.0008    0.84  
+4   0.0047  0.0006     0.85  
 
Sweetgum leaves grown under CO2 enrichment 
Temperature (°C)    k (day-1)  ASE    R2  
Ambient   0.0036  0.0006    0.78  
+1   0.0043  0.0005    0.88  
+2   0.0039  0.0003    0.94  
+3   0.0039  0.0004    0.90  
+4   0.0049  0.0005     0.89  
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Figure 1.  Top panel: Streamside channel set up with 20 channels (5 temperature 
treatments × 4 replicates). Bottom panel: A block of 10 streamside channels (two 
replicates of each temperature treatment: 0 (ambient control), +1, +2, +3 and +4°C) 
showing one-degree differences in temperature (thermal imagining); photo credit: J. 
Benstead, University of Alabama.  
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Figure 2.  Mean temperatures recorded throughout 99 days of the experiment (day 0 = 
March 1st, 2019) in five temperature treatments (daily averages of 4 replicate streamside 
channels). 
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Figure 3.  Plant litter dry mass remaining (%) at each temperature treatment for all 
sampling dates of the experiment. Error bars represent standard errors (SE). 
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Figure 4.  Temperature sensitivity of microbial plant litter decomposition rates 
throughout the 99-day experiment in streamside channels. Dotted line indicates the slope 
corresponding to the activation energy of respiration (0.65 eV).  Error bars are asymptotic 
standard errors (ASE). 
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Figure 5. Fungal biomass associated with plant litter in streamside channels at different 
temperatures on each sampling date.  Error bars represent standard errors (SE).
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Figure 6. Fungal growth rate (left panels) and fungal production (right panels) associated 
with plant litter in streamside channels at different temperatures on days 21 and 63 of the 
experiment. Error bars represent standard errors (SE).  
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Figure 7. Temperature sensitivity of fungal growth rates associated with plant litter in 
streamside channels on days 21 and 63.  Dotted line indicates the slope corresponding to 
the activation energy of respiration (0.65 eV) according to the MTE and is shown for 
comparison.  Error bars represent standard errors (SE).  
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Figure 8. Microbial respiration associated with maple and rhododendron leaf litter and 
wood veneers  in streamside channels at different temperatures on each sampling day 
expressed per g of ash free dry mass (left panels) and per g of fungal biomass (right 
panels). Error bars represent standard errors (SE).  
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Figure 9. Microbial respiration associated with sweetgum ambient and sweetgum 
enriched leaf litter in streamside channels at different temperatures on each sampling day 
expressed per g of ash free dry mass (left panels) and per g of fungal biomass (right 
panels). Error bars represent standard errors (SE). 
  
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 25 50 75 100
R
e
sp
ir
a
ti
o
n
 (
m
g
 O
2
/g
 D
M
/h
)
Time (d)
Sweetgum Ambient
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0 25 50 75 100
R
es
p
ir
a
ti
o
n
 (
m
g 
O
2
/g
 D
M
/h
)
Time (d)
Sweetgum Enriched
0
1
2
3
4
5
6
7
8
9
0 25 50 75 100
R
e
sp
ir
a
ti
o
n
 (
m
g
 O
2
/g
 F
B
/h
)
Time (d)
Sweetgum Ambient
0
1
2
3
4
5
6
7
8
9
10
0 25 50 75 100
R
e
sp
ir
at
io
n
 (
m
g
 O
2
/g
 F
B
/h
)
Time (d)
Sweetgum Enriched
Ambient
+1°C
+2°C
+3°C
+4°C
37  
  
 
 
Figure 10. Temperature sensitivity of microbial respiration (per g of fungal biomass) 
associated with plant litter in streamside channels at ambient and +1 to +4°C temperate 
treatments on days 21, 42, 63 and 99 of the experiment.  Dotted line indicates the slope 
corresponding to the activation energy of respiration (0.65 eV) according to the MTE and 
is shown for comparison.  Error bars represent standard errors (SE). 
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Figure 11. Bacterial production associated with plant litter from streamside channels at 
different temperatures on days 21 and 63 of the experiment. Error bars represent standard 
errors (SE).  
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